Tardigrada, a phylum of meiofaunal organisms, have been at the center of discussions of the evolution of 26 Metazoa, the biology of survival in extreme environments, and the role of horizontal gene transfer in animal 27 evolution. Tardigrada are placed as sisters to Arthropoda and Onychophora (velvet worms) in the 28 superphylum Ecdysozoa by morphological analyses, but many molecular phylogenies fail to recover this 29 relationship. This tension between molecular and morphological understanding may be very revealing of the 30 mode and patterns of evolution of major groups. Similar to bdelloid rotifers, nematodes and other animals 31 of the water film, limno-terrestrial tardigrades display extreme cryptobiotic abilities, including anhydrobiosis 32 and cryobiosis. These extremophile behaviors challenge understanding of normal, aqueous physiology: how 33 does a multicellular organism avoid lethal cellular collapse in the absence of liquid water? Meiofaunal species 34
ABSTRACT 25 Tardigrada, a phylum of meiofaunal organisms, have been at the center of discussions of the evolution of 26 Metazoa, the biology of survival in extreme environments, and the role of horizontal gene transfer in animal 27 evolution. Tardigrada are placed as sisters to Arthropoda and Onychophora (velvet worms) in the 28 superphylum Ecdysozoa by morphological analyses, but many molecular phylogenies fail to recover this 29 relationship. This tension between molecular and morphological understanding may be very revealing of the 30 mode and patterns of evolution of major groups. Similar to bdelloid rotifers, nematodes and other animals 31 of the water film, limno-terrestrial tardigrades display extreme cryptobiotic abilities, including anhydrobiosis 32 and cryobiosis. These extremophile behaviors challenge understanding of normal, aqueous physiology: how 33 does a multicellular organism avoid lethal cellular collapse in the absence of liquid water? Meiofaunal species 34 have been reported to have elevated levels of HGT events, but how important this is in evolution, and in 35 particular in the evolution of extremophile physiology, is unclear. To address these questions, we 36 resequenced and reassembled the genome of Hypsibius dujardini, a limno-terrestrial tardigrade that can 37 undergo anhydrobiosis only after extensive pre-exposure to drying conditions, and compared it to the 38 genome of Ramazzottius varieornatus, a related species with tolerance to rapid desiccation. The two species 39 had contrasting gene expression responses to anhydrobiosis, with major transcriptional change in H. 40
dujardini but limited regulation in R. varieornatus. We identified few horizontally transferred genes, but some 41 of these were shown to be involved in entry into anhydrobiosis. The genome size of H. dujardini has been independently estimated by densitometry to be ~100 Mb [20, 45] , 139 but the spans of existing assemblies exceed this, because of contamination with bacterial reads and 140 uncollapsed heterozygosity. We generated new sequencing data ( Supplementary Table 1A ), including 141
PacBio long single-molecule reads and data from single tardigrades [42] , and employed an assembly strategy 142 that eliminated evident bacterial contamination and dealt with heterozygosity. Our initial Platanus [44] 143 genome assembly had a span of 99.3 Mb in 1,533 contigs, with an N50 length of 250 kb. Further scaffolding 144 and gap filling [46] with PacBio reads and a Falcon [43] assembly of the PacBio reads produced a 104 Mb 145 assembly in only 1,421 scaffolds and an N50 length of 342 kb, N90 count of 343 (Table 1 ). In comparison 146
with previous assemblies, this assembly has improved contiguity and improved coverage of complete core 147 eukaryotic genes (Complete 237, average count 1.17, Partial 240, average count 1.20) [47] . Read coverage 148
was relatively uniform throughout the genome ( Supplementary Table S2 ), with only a few short regions, 149 likely repeats, with high coverage (Supplementary Figure S1 ). 150 151 We identified repeats in the H. dujardini genome, and identified 24.2Mb (23.4%) as being repetitive elements. 152
Simple repeats covered 5.2% of the genome, with a longest repeat unit of 8,943 bp. A more complete 153 description of the repeat content is available in Supplementary Table S3 . Seven of the eight longest repeats 154
were of the same repeat unit (GATGGGTTTT)n. The long repeats of this 10 base unit were found 155 exclusively at 9 scaffold ends and may correspond to telomeric sequence ( Supplementary Table S4 ). The 156
other long repeat was a simple repeat of (CAGA)n and its complementary sequence (GTCT)n, and spanned 157 3.2 Mb (3% of the genome, longest repeat 5,208 bp). 158 159 We generated RNA-Seq data from active and cryptobiotic ("tun" stage) tardigrades, and developmental 160 stages of H. dujardini ( Supplementary Table S1B ,). Gene annotation using BRAKER [48] predicted 19,901 161 genes, with 914 isoforms (version nHd3.0). These coding sequence predictions lacked 5' and 3' untranslated 162
regions. Mapping of RNA-Seq data to the predicted coding transcriptome showed an average mapping ratio 163 of 50%, but the mapping ratio was over 95% against the genome ( Supplementary Table S5 ). A similar 164 mapping pattern for RNA-Seq data to predicted transcriptome was also observed for R. varieornatus. 165 Furthermore, over approximately 70% of the H. dujardini transcripts assembled with Trinity [49] map to the 166 predicted transcriptome, and a larger proportion to the genome ( Supplementary Table S6 ). RNA-seq reads 167 that are not represented in the predicted coding transcriptome likely derived from UTR regions, unspliced 168 introns or from promiscuous transcription. We were able to infer functional and similarity annotations for 169 ~50% of the predicted proteome (Table 2) . 170 171 We identified eighty-one 5.8S rRNA, two 18S rRNA, and three 28S rRNA loci with RNAmmer [50] . 172
Scaffold0021 contains both 18S and 28S loci, and it is likely that multiple copies of the ribosomal RNA 173
repeat locus have been collapsed in this scaffold, as it has very high read coverage (~5,400 fold, compared 174 to ~113x fold overall, suggesting ~48 copies). tRNAs for each amino acid were found (Supplementary 175 Figure S2 ) [51] . Analysis of miRNA-Seq data with miRDeep [52] predicted 507 mature miRNA loci 176
(Supplementary Data S1), of which 185 showed similarity with sequences in miRbase [53] . 177 178
The H. dujardini nHd.3.0 genome assembly is available on a dedicated ENSEMBL [54] server, 179 http://ensembl.tardigrades.org, where it can be compared with previous assemblies of H. dujardini and with 180 the R. varieornatus assembly. The ENSEMBL database interface includes an application-programming 181 interface (API) for scripted querying [55] . All data files (including supplementary data files and other 182 analyses) are available from http://download.tardigrades.org, and a dedicated BLAST server is available at 183 http://blast.tardigrades.org. All raw data files have been deposited in INSDC databases (NCBI and SRA, 184
Supplementary Table S1A-C) and the assembly with a slightly curated annotation (nHd3. Table 1C ). The new prediction includes 194 13,917 protein-coding genes (612 isoforms). This lower gene count compared to the original (19,521 195 genes) is largely driven by a reduction in single-exon genes that had no transcript support: from 5,626 in 196 version 1 to 1,777 in the current annotation. Comparing the two gene sets, 12,752 of the predicted genes were also found in the original gene set. (1144) less than 1 TPM. In R. varieornatus 67.57% (423) had less than 10 and 37.9% (237) less than 1 TPM. 203
Among the gene models of H. dujardini, 39 were predicted to contain 4 "ochre" (TAA), 12 "amber" (TAG), 204
and 23 "opal" (TGA) stop codons. 205 206
One striking difference between the two species was in their genome size, as represented by assembly 207 span: the R. varieornatus assembly had a span of 55 Mb, half that of H. dujardini (Table 2) . This difference 208 could have arisen through whole genome duplication, segmental duplication, or more piecemeal processes 209 of genome expansion or contraction between the two species. H. dujardini had 5,984 more predicted genes 210 than R. varieornatus. These spanned ~23 Mb, and thus accounted for about half of the additional span. We 211 observed no major difference in number of exons between orthologues or in the predicted gene set as a 212
whole. However, comparing orthologues, the intron span per gene in H. dujardini was on average twice that 213 in R. varieornatus ( Figure 1B) , and the gene length (measured as start codon to stop codon in the coding 214 exons) was ~1.3 fold longer in H. dujardini (Supplementary Figure S3 ). dujardini showed long-range linkage, with many shared (genome-wide bidirectional best BLAST hit) loci 222 spread across ~1.7 Mb of the H. dujardini genome ( Figure 1A ). Furthermore, we found that a high 223 proportion of genes located on the same scaffold in H. dujardini were located in the same scaffold in R. 224 varieornatus as well, implying that interchromosomal rearrangement may be the reason for the low level of 225 synteny ( Figure 1C ). 226 227
We clustered the H. dujardini and new R. varieornatus proteomes with a selection of other ecdysozoan and 228 outgroup lophotrochozoan proteomes ( Supplementary Table S7 ) using OrthoFinder [59], including 229 proteomes from fully-sequenced genomes and proteomes derived from (likely partial) transcriptomes in 230 independent analyses ( Supplementary table S11 ). These protein clusters were used for subsequent 231 identification of orthologues for phylogenetic analysis, and for patterns of gene family expansion and 232 contraction, using kinfin [60] . 233 234
Orthologue clustering for the analysis of gene families (see Supplementary table S7 for datasets used)  235 generated 144,610 clusters composed of 537,608 proteins (spanning 210,412,426 aminoacids) from the 29 236 selected species. Of these clusters, 87.9% are species specific (with singletons accounting for 11.6% of 237 amino acid span, and multi-protein clusters accounting for 1.2% of span). While only 12.1% of clusters 238 contain members from two or more proteomes, these account for the majority of amino acid span (87.2%).
239
H. dujardini had more species-specific genes than did R. varieornatus, and had more duplicate genes in gene 240 families shared with R. varieornatus (Table 2) . H. dujardini also had more genes shared with non-tardigrade 241
outgroups, suggesting loss in R. varieornatus. 242 243
One hundred and fifteen clusters had more members in tardigrades compared to the other taxa, and three 244 had fewer members, based on uncorrected Mann-Whitney U-test probabilities <0.01, but no clusters had 245 differential presence when the analyses were Bonferroni corrected (see Supplementary Data S8:  246 Tardigrade_counts_representation_tests). In nine of the clusters with tardigrade overrepresentation, the 247 tardigrades had more than four times as many members as the average of the other species. HGT is an interesting but contested phenomenon in animals. Many newly sequenced genomes have been 272 reported to have relatively high levels of HGT, and genomes subject to intense curation efforts tend to 273 have lower HGT estimates. We performed ab initio gene finding on the genomes of the model species 274
Caenorhabditis elegans and Drosophila melanogaster with Augustus [61] and used the HGT index approach 275
[62], which simply classifies loci based on the ratio of their best BLAST scores to ingroup and potential 276 donor taxon databases, to identify candidates. Compared with their mature annotations, we found elevated 277
proportions of putative HGTs in both species (C. elegans: 2.09% of all genes, D. melanogaster: 4.67%). We 278 observed similarly elevated rates of putative HGT loci, as assessed by the HGT index, in gene sets 279 generated by ab inito gene finding in additional arthropod and nematode genomes compared to their 280 mature annotations (Figure 2A , Supplementary Table S8 ). Thus the numbers of HGT events found in the 281 genomes of H. dujardini and R. varieornatus are likely to be overestimated, even after sequence 282 contamination has been removed. 283 284
Using the HGT index approach we identified 463 genes ( in the number of potential HGT events predicted (446 genes, 2.24%). We sifted the initial 463 H. dujardini 287
candidates through a series of biological filters. A true HGT locus will show affinity with its source taxon 288 when analyzed phylogenetically (a more sensitive test than simple BLAST score ratio). Just under half of the 289 loci (225) were confirmed as HGT events by RAxML [65] analysis of aligned sequences ( Figure 2B ). HGT 290
genes are expected to be incorporated into the host genome and to persist through evolutionary time. 291
Only 214 of the H. dujardini candidates had homologues in R. varieornatus, indicating phylogenetic 292 perdurance (Supplementary Data S2). Of these shared candidates, 113 were affirmed by phylogeny. HGT 293 loci will acquire gene structure and expression characteristics of their host, metazoan genome. One third 294
(168) of the HGT candidates had RNA-Seq expression values at or above the average for all genes. While 295 metazoan genes usually contain spliceosomal introns, and 367 of the candidate HGT gene models included 296 introns, we regard this a lower-quality validation criterion as gene finding algorithms are programmed to 297 identify introns. Therefore our minimal current estimate for HGT into the genome of H. dujardini is 113 298 genes (0.57%, out of 19,901 loci) and the upper bound is 463 (2.33%). This is congruent with estimates of 299 1.58% HGT candidates (out of 13,917 genes) for R. varieornatus [22] . 300 301
The putative HGT loci tended to be clustered in the tardigrade genomes, with gene neighbors of HGT loci 302 also predicted to be HGT. We found 58 clusters of HGT loci in H. dujardini, and 14 in R. varieornatus 303 (Supplementary Figure S4 ). Several of these gene clusters were comprised of orthologous genes, and may 304 have arisen through tandem duplication. The largest clusters included over 5 genes from the same gene 305
family ( varieornatus had more copies (33 and 8, respectively) than any other (mode of 1 and mean of 1.46 copies 334 per species, with a maximum of 4 in the moth Plutella xylostella). Proteins in the cluster were annotated with 335 domains associated with ciliar function. OG0002660 contained three proteins from each of H. dujardini and 336 R. varieornatus, but a mean of 1.2 from the other species. OG0002660 was annotated as 337 fumarylacetoacetase, which acts in phenyalanine metabolism. Fumarylacetoacetase has been identified as a 338 target of SKN-1 induced stress responses in C. elegans [66] . OG0002103 was also overrepresented in the 339 tardigrades (3 in each species), while 23 of the other species had 1 copy. Interestingly the extremophile 340
nematode Plectus murrayi had 4 copies. OG0002103 was annotated as GTP cyclohydrolase, involved in 341 formic acid metabolism, including tetrahydrobioterin synthesis. Tetrahydrobioterin is a cofactor of aromatic 342 amino acid hydroxylases, which metabolise phenylalanine. 343 344 345
We used orthology clustering to explore family sizes of genes with functions associated with anhydrobiosisz 346
(Supplementary Data S5 : Tardigrade_DEGs.functional_annotation ). Proteins with functions related to 347 protection from oxidants, such as superoxide dismutase (SOD) and peroxiredoxin, were found to have 348 been extensively duplicated in tardigrades. In addition, the mitochondrial chaperone (BSC1), osmotic stress 349 related transcription factor NFAT5, and apoptosis related gene PARP families were expanded in tardigrades. 350
Chaperones were extensively expanded in H. dujardini (HSP70, DnaK, and DnaJ subfamily C-5, C-13, B-12), 351 and the DnaJ subfamily B3, B-8 was expanded in R. varieornatus. In H. dujardini, we found five copies of DNA 352
repair endonuclease XPF, which functions in the nucleotide-excision repair pathway, and in R. varieornatus, 353
four copies of the double-stranded break repair protein MRE11 (as reported previously [22] ) and additional 354 copies of DNA ligase 4, from the non-homologous end joining pathway. 355 356
In both R. varieornatus [22] and H. dujardini some of the genes with anhydrobiosis related function appear to 357 have been acquired through HGT. All copies of catalase were high-confidence HGTs. R. varieornatus had 358 eleven copies of trehalase (nine trehalases and two acid trehalase-like proteins). Furthermore, we found 359 that H. dujardini does not have an ortholog of trehalose phosphatase synthase, a gene required for trehalose 360 synthesis, however R. varieornatus has a HGT derived homolog (Supplementary Figure S6A ). The ascorbate 361 synthesis pathway appears to have been acquired through HGT in H. dujardini, and a horizontally acquired 362 L-gulonolactone oxidase was identified in R. varieornatus (Supplementary figure S6B ). 363 364
To identify gene functions associated with anhydrobiosis, we explored differential gene expression in both 365 species in fully hydrated and post-desiccation samples from both species. We compared the single individual 366
RNA-Seq of H. dujardini undergoing anhydrobiosis [42] with new data for R. varieornatus induced to enter 367 anhydrobiosis in two ways: slow desiccation ~24 hr) and fast desiccation (~30 min).Successful anhydrobiosis 368
was assumed when >90% of the samples prepared in the same chamber recovered after rehydration. Many 369 more genes (1,422 genes, 7.1%) were differentially upregulated by entry into anhydrobiosis in H. dujardini 370 than in R. varieornatus (64 genes, 0.5%, in fast desiccation and 307 genes, 2.2%, in slow desiccation, 371
Supplementary Data File S5). The fold change distribution of the whole transcriptome of H. dujardini 372 (8.33/0.910±69.90) was significantly broader than those of both fast (0.67/0.4758±2.25) and slow 373 (0.77/0.6547±0.79) desiccation R. varieornatus (U-test, p-value <0.001, mean/median±S.D., Figure 3B ). 374 375
Several protection-related genes were differentially expressed in anhydrobiotic H. dujardini, including CAHS 376 (8 loci of 15), SAHS (2 of 10), RvLEAM (1 of 1), and MAHS (1 of 1). Loci involved in reactive oxygen 377 protection (5 superoxide dismutase genes, 6 glutathione-S transferase genes, and a catalase gene, 1 LEA 378 gene) were upregulated under desiccation. Interestingly, two trehalase loci were upregulated, even though 379
we were unable to identify a trehalose-6-phosphate synthase (TPS) locus in H. dujardini. In addition to these 380 effector loci, we identified differentially expressed transcription factors that may regulate anhydrobiotic 381 responses. Similarly, two calcium-signaling inhibitors, calmodulin (CaM) and a cyclic nucleotide gated 382 channel (CNG-3), were both upregulated, which may drive cAMP synthesis through adenylate cyclase. 383 384
Although R. varieornatus is capable of rapid anhydrobiosis induction, complete desiccation is unlikely to be as 385 rapid in natural environments, and regulation of gene expression under slow desiccation might reflect a 386 more likely scenario. Fitting this expectation, five CAHS loci and a single SAHS locus were upregulated 387 after slow desiccation, but none were differentially expressed following rapid desiccation. The genome phylogeny ( Figure 4A ) strongly supported Tardigrada as a sister to monophyletic Nematoda. 420 Within Nematoda and Arthropoda, the relationships of species were as found in previous analyses, and the 421 earliest branching taxon in Ecdysozoa was Priapulida. RAxML bootstrap and PhyloBayes bayes proportion 422 support was high across the tree, with only two internal nodes in Nematoda and Arthropoda receiving 423 less-than maximal support. Analysis of RAxML phylogenies derived from the 322 individual loci revealed a 424 degradation of support deeper in the tree, with 53% of trees supporting a monophyletic Arthropoda, 56% 425
supporting Tardigrada plus Nematoda, and 54% supporting the monophyly of Arthropoda plus Tardigrada 426 plus Nematoda ( Figure 4A ). The phylogeny derived from the genome+transcriptome dataset ( Figure 4B Rare genomic changes can be used as strong parsimony markers of phylogenetic relationships that are hard 439 to resolve using model-based sequence analyses. An event shared by two taxa can be considered to 440 support their relationship where the likelihood of the event is a priori expected to be vanishingly small. We 441 tested support for a Nematoda-Tardigrada clade in rare changes in core developmental gene sets and 442 protein family evolution. 443 444
HOX genes are involved in anterior-posterior patterning across the Metazoa, with a characteristic set of 445 paralogous genes present in most animal genomes, organized as a tightly regulated cluster. We surveyed 446 HOX loci in tardigrades and relatives ( Figure 5A ). The ancestral cluster is hypothesized to have included 447 HOX1, HOX2, HOX3, HOX4, HOX5, and a HOX6-8 like locus and HOX9. In H. dujardini, a reduced HOX gene complement (six genes in five orthology groups) has been reported 460
[70], and we confirmed this reduction using our improved genome ( Figure 5A ). The same, reduced 461 complement was also found in the genome of R. varieornatus [22] , and the greater contiguity of the R. 462
varieornatus genome shows that five of the six HOX loci are on one large scaffold, distributed over 2.7 Mb, 463 with 885 non-HOX genes separating them. The H. dujardini loci were unlinked in our assembly, except for 464 the two AbdB-like loci, and lack of gene level synteny precludes simple linkage of these scaffolds based on 465 the R. varieornatus genome. The order of the HOX genes on the R. varieornatus scaffolds is not collinear 466 with other, unfragmented clusters, as ftz and the pair of AbdB genes are inverted, and dfd is present on a 467 second scaffold (and not found between hox3 and ftz as would be expected). The absences of pb, scr and 468
Ubx/AbdA in both tardigrade species is reminiscent of the situation in Nematoda, where these loci are also 469 absent [71] [72] [73] . 470 471
HOX gene evolution in Nematoda has been dynamic ( Figure 5A ). No Nematode HOX2 or HOX5 472 orthology group genes were identified, and only a few species had a single HOX6-8 orthologue. Duplication 473 of the HOX9/AbdB locus was common, generating, for instance the egl-5, php-3 and nob-1 loci in 474
Caenorhabditis species. The maximum number of HOX loci in a nematode was seven, deriving from six of 475 the orthology groups. Loss of HOX3 happened twice (in Syphacia muris and in the last common ancestor of 476
Tylenchomorpha and Rhabditomorpha the two Tardigrades shared more gene families with Arthropoda than they did with Nematoda ( Figure 5B ). 493
The number of gene family births synapomorphic for Arthropoda and Nematoda were identical under both 494 phylogenies, as was expected (Table 3 ; Figure 5C ; See Supplementary Data S7: KinFin_output.tar.gz ). Many 495 synapomorphic families had variable presence in the daughter taxa of the last common ancestors of 496
Arthropoda and Nematoda, likely because of stochastic gene loss or lack of prediction. However, especially 497 in Nematoda, most synapomorphic families were present in a majority of species ( Figure 5C ). 498 499
At inflation value 1.5, we found six gene families present that had members in both tardigrades and all 14 500
arthropods under Panarthropoda, but no gene families were found in both tardigrades and all 9 nematodes 501 under the Tardigrada-Nematoda hypothesis ( Supplemental Table 11 ). Allowing for stochastic absence, we 502 inferred 154 families to be synapomorphic for Tardigrada+Arthropoda under the Panarthropoda hypothesis, 503
and 99 for Tardigrada-Nematoda under the Tardigrada+Nematoda hypothesis ( Figure 5D ). More of the 504
Tardigrada+Arthropoda synapomorphies had high species representation than did the Tardigrada-505
Nematoda synapomorphies. This pattern was also observed in analyses using different inflation values and in 506
analyses including the transcriptome from the nematomorph Paragordius varius. 507 508
At inflation value 1.5, we found six gene families present that had members in both tardigrades and all 14 509
arthropods under Panarthropoda, but no gene families were found in both tardigrades and all 9 nematodes 510 under the Tardigrada+-Nematoda hypothesis (Table 3) . Allowing for stochastic absence, we inferred 154 511 families to be synapomorphic for Tardigrada+Arthropoda under the Panarthropoda hypothesis, and 99 for 512
Tardigrada+-Nematoda under the Tardigrada+-Nematoda hypothesis ( Figure 5D ). More of the 513
Tardigrada+Arthropoda synapomorphies had high species representation than did the Tardigrada+-514
Nematoda synapomorphies. This pattern was also observed in analyses using different inflati on values and 515 in analyses including the transcriptome from the nematomorph Paragordius varius (Table 3) . 516 517
We explored the biological implications of these putative synapomorphies by examining the functional 518 annotations of each protein family that had ≥70% of the ingroup species represented We have sequenced and assembled a high quality genome for the tardigrade H. dujardini, utilizing new data, 547
including single-molecule sequencing long-read, and heterozygosity aware assembly methods. Comparison 548 of genomic metrics with previous assemblies for this species showed that our assembly is much more 549 contiguous than has been achieved previously, and retains minimal uncollapsed heterozygous regions. 550
Furthermore, the lack of suspiciously high coverage scaffolds and the low duplication rate of CEGMA genes 551 implies a low rate of scaffold over-assembly. The span of this new assembly is much closer to independent 552 estimates of the size of the H. dujardini genome (75 -100 Mb) using densitometry and staining. 553 554
The H. dujardini genome is thus nearly twice the size of that of the related tardigrade R. varieornatus. We 555 compared the two genomes to identify differences that would account for the larger genome in H. dujardini. 556
While we predict H. dujardini to have ~6,000 more protein coding genes than R. varieornatus, these account 557
for only ~23 Mb of the additional span, and are not obviously simple duplicates of genes in R. varieornatus. 558
Analyses of the gene contents of the two species showed that while H. dujardini had more species-specific 559 genes, it also had greater numbers of loci in species-specific gene family expansions than R. varieornatus, and 560 had lost fewer genes whose origins could be traced to a deeper ancestor. proved that this finding was the result of contamination of their tardigrade samples with cobionts, and less-586 than-rigorous screening of HGT candidates. We found that the use of uncurated gene-finding approaches 587 also yielded elevated HGT proportion estimates in many other nematode and arthropod genomes, even 588
where contamination is unlikely to be an issue. It is thus essential to follow up initial candidate sets with 589 detailed validation steps. We screened our new H. dujardini assembly for evidence of HGT, identifying a 590 maximum of 3.7% of the protein coding genes as potential candidates. After careful assessment using 591 phylogenetic analysis and expression evidence, we identified a maximum of 2.3% and a likely high-confidence 592 set of only 0.6% of H. dujardini genes that originated through HGT. HGT was also much reduced ( dujardini has similar gene losses in pathways that produce ROS and cellular stress signaling pathways found 611 in R. varieornatus, which suggest that the gene losses have occurred before the divergence of the two 612 species. The loss in the major genes of signaling pathways would cause disconnection; various stress 613 inductions may not be relayed to downstream factors, such as cell cycle regulation, transcription and 614 replication inhibition, and apoptosis. In contradiction, various cellular protection and repair pathways are 615 highly conserved, therefore cellular signaling may be inhibited but cellular molecules are protected, and if 616 damaged, repaired. 617 618
On the other hand, various gene families have undergone duplication in both tardigrades and linage 619 specifically. In particular, SOD was duplicated in both tardigrades, along with a calcium activated potassium 620 channel, which has been implied to contribute to cellular signaling during anhydrobiosis. Furthermore, we 621
have found that a high number of gene families have been expanded in H. dujardini compared to R. 622
varieornatus. This may be related to the genome size reduction in R. varieornatus, which multiple-copy genes 623 may be selected for loss. 624 625
Previous studies have implied that the anhydrobiosis response in the two tardigrades may differ; H. dujardini 626
has an induced transcriptomic response where R. varieornatus does not. This shows consistency with the 627 phenotype at transfer into anhydrobiosis. H. dujardini requires 24 hours at 100% RH prior to desiccation 628 and takes at least 24 hours for a successful desiccation, and R. varieornatus can enter anhydrobiosis within 629 30 minutes at when exposed to 37% RH. It has been implied that genes required for a successful 630
anhydrobiosis are upregulated during the 48 hours of anhydrobiosis induction in H. dujardini. Therefore, we 631
have not only sequenced the transcriptome of R. varieornatus desiccated in the normal protocol, but also 632 with a slowly dried sample. In a natural tardigrade living environment, desiccation does not progress within 633 a 30-minute time frame, therefore a slowly dried R. varieornatus may have induced expression in genes for a 634 more successful anhydrobiosis. 635 636
We found that H. dujardini has more differentially expressed genes than R. varieornatus, which again was 637 supported with a significant increase in distribution of fold change in the whole transcriptome. We have 638
found that a variety of calcium related transporters, receptors to be differentially expressed. Kondo et al. 639 suggested that cellular signaling using calmodulin and calcium may be required for anhydrobiosis. Calcium 640 related cellular signaling is used in a variety of cellular signaling, especially in cAMP signaling pathways. be that miniaturisation of Nematoda and Tardigrada during adaptation to life in interstitial habitats 701 facilitated the loss of specific HOX loci involved in post-cephalic patterning, and that both nematodes and 702 tardigrades can be thought to have evolved by reductive evolution from a more fully featured ancestor. 703
While tardigrades retain obvious segmentation, nematodes do not, with the possible exception of repetitive 704 cell lineages along the anterior-posterior axis during development [81] . We note that until additional 705 species were analyzed, the pattern observed in C. elegans was assumed to be the ground pattern for all 706
Nematoda. More distantly-related Tardigrada may have different HOX gene complements than these 707 hypsibiids: and a pattern of staged loss similar to that in may be found. It may be 708 intrinsically easier to lose some HOX loci than others. 709 710
Assessment of gene family birth as rare genomic changes lent support to a Tardigrada+Arthropoda clade, 711 but the support was not strong. There were more synapomorphic gene family births when a 712
Tardigrada+Arthropoda (Panarthropoda) clade was assumed than when a Tardigrada+Nematoda clade was 713 assumed. However, analyses under the assumption of Tardigrada+Nematoda identified synapomorphic gene 714 family births at only 50% of the level found when Panarthropoda was assumed. We note that recognition of 715 gene families may be compromised by the same "long branch attraction" issues that plague phylogenetic 716
analyses, and also that any taxon where gene loss is common (such as has been proposed for Nematoda as 717 a result of its simplified body plan may score poorly in gene family membership metrics. The short branch 718 lengths that separate basal nodes in the analysis of the panarthropodan-nematode part of the phylogeny of 719
Ecdysozoa may make robust resolution very difficult. Thus our analyses of rare genomic changes lent some 720 support to the Panarthropoda hypothesis, as did analysis of miRNA gene birth [2], but analysis of HOX loci 721 may conflict with this. For the families that did support Panarthropoda, it was striking that many of these 722 deeply conserved loci have escaped experimental, genetic annotation. 723 724
We explored the biological implications of these synapomorphies by examining the functional annotations 725 of each protein family ( Supplementary Table S10 , Supplemental Data S7). The six loci identified as 726 universally retained gene family births in Panarthropoda included spaetzle, a cysteine-knot, cytokine-like 727 family that is known to interact with the Toll receptor pathway in D. melanogaster, and is (in that species) 728
involved in dorso-ventral patterning as well as immune response. Other clusters were functionally 729 annotated as having serine-type endopeptidase activity (this is not nudel, but nudel is also a Serine 730 proteases, trypsin domain) or harboring a thioredoxin domain and thus being involved in cell redox 731 homeostasis. However the remainder of the clusters had no informative annotation other than the 732 presence of "domains of unknown function" (DUFs shut orthologues (missing in R. varieornatus), essential for the formation of matrix-filled interrhabdomeral 745 space, maybe important contribution to insect eye evolution). One cluster contained Drosophila 746
Adipokinetic hormone orthologues (missing in R. varieornatus), which is associated with marked increase in 747 hemolymph carbohydrate. One cluster contained Drosophila Allatostatin-A orthologues, which may act as a 748 neurotransmitter or neuromodulator. One Drosulfakinins orthologue, which plays diverse biological roles 749
including regulating gut muscle contraction in adults but not in larvae. And Serine protease nudel 750 orthologues, which is also an component of the extracellular signaling pathway that establishes the dorsal-751 ventral pathway of the embryo, and acts together with gd (gastrulation-defective) and snk (snake) to 752 process easter into active easter (drosophila easter and snake are recovered in the fourth biggest cluster, 753
containing representatives of all proteomes, gd is in cluster containing 2 Nematodes and 11 Arthropods), 754 which subsequently defines cell identities along the dorso-ventral continuum by activating the spz ligand for 755 the toll receptor in the ventral region of the Drosophila embryo. 756 757
We containing proteins from Tardigrada and other taxa was tested using a two-sided Mann-Whitney-U test of 960 the count (if at least two taxa had non-zero counts) and results were deemed significant at a p-value 961 threshold of p=0.01. 962 963
Protein predictions from genomes of Annelida (1), Nematoda (9), Arthropoda (15), Mollusca (1), Priapulida 964
(1) were retrieved from public databases (see Supplementary Table S7 for proteome sources). Proteomes 965
were screened for isoforms (Supplementary Data S10: proteome_fastas) and longest isoforms were 966 clustered with the proteins of H. dujardini and R. varieornatus using OrthoFinder 1. Tardigrada and other taxa was tested using a two-sided Mann-Whitney-U test of the count (if at least two 973 taxa had non-zero counts) and results were deemed significant at a p-value threshold of p=0.01. 974 975
A graph-representation of the OrthoFinder clustering (at Inflation value = 1.5) was generated using the 976 generate_network.py script distributed with KinFin v0.8.2. The nodes in the graph were positioned using 977 the ForceAtlas2 layout algorithm implemented in Gephi v0.9.1 ("Scaling" 10000.0, "Stronger Gravity" = 978
True, "Gravity" = 1.0, "Dissuade hubs" = False, "LinLog mode" = True, "Prevent overlap" = False, "Edge 979
Weight Influence" = 1.0). 980 981
Single-copy orthologues between H. dujardini and R. varieornatus were identified using the orthologous 982 groups defined by OrthoFinder. Using the Ensembl Perl API, gene structure information (gene lengths, exon 983 counts and intron spans per gene) were extracted for these gene pairs. To avoid erroneous gene 984 predictions biasing observed trends, H. dujardini genes which were 20% longer or 20% shorter were 985 considered outliers. 986 987 PHYLOGENOMICS 988
In order to improve phylogenetic coverage, transcriptome data was retrieved for additional tardigrades (2), 989 a priapulid (1), kinorhynchs (2) and onychophorans (3) (see Supplementary Table S15 
